INTRODUCTION
Understanding the creep behavior of materials in a radiation environment is essential in evaluating safety issues associated with nuclear power plant operation, especially for plants applying for life extension. In US materials testing reactors (MTRs), this understanding has been achieved through a "cook and look" approach (where specimens are irradiated under load for some period of time and then removed from an MTR for post-irradiation examination). A number of "cook and look" cycles can be required for each evaluated material, which makes this approach expensive. In addition, examinations are limited to end-state conditions, which may or may not be sufficient to reveal all phenomena of interest (because examinations are not performed at prototypic conditions relative to temperature, pressure, stress, etc.).
A creep test rig that facilitates real-time in-pile measurement of material creep behavior in the Advanced Test Reactor (ATR) has been developed. 1 This rig was designed with an externally-pressurized bellows to load a tensile specimen coupled with a linear variable displacement transformer (LVDT) used to detect material creep. This test rig is simple in design and easy to deploy, but it is limited in that it can only apply a load that corresponds to the external pressure of the coolant in the ATR pressurized water reactor (PWR) loop.
It is unlikely that the primary damage experienced by a specimen will be the result of the applied stress during irradiation. Even so, the subsequent process of dislocation formation, that is responsible for radiation hardening, yield drop, and plastic flow localization, will be substantially altered by the applied stress. Furthermore, it is speculated that the fatigue lifetime during in-situ cyclic loading experiments may be significantly different from the ones obtained during fatigue experiments on specimens in the post-irradiated condition. 2 
BACKGROUND
Information is provided in this section to assist with understanding the ATR and Loop 2A within this MTR (see Section 2.1), the basics of LVDT operation (see Section 2.2), prior LVDT evaluations (see Section 2.3), and the international use of creep test rigs in various MTRs (see Section 2.4).
ATR
The ATR is a unique facility designed for evaluating the effects of radiation on nuclear fuel and materials. The reactor has a maximum power rating of 250 MW th with a maximum unperturbed thermal neutron flux of 1x10 15 n/cm 2 -s and a maximum unperturbed fast neutron flux of 5x10 14 n/cm 2 -s, which allows accumulation of high neutron exposure in a shorter time period than possible with many other MTRs. The ATR is cooled by pressurized (2.5 MPa) water that enters the reactor vessel bottom at an average temperature of 52 °C, flows up outside cylindrical tanks that support and contain the core, passes through concentric thermal shields into the open part of the vessel, then flows down through the core to a flow distribution tank in the bottom of the vessel. When the reactor is operating at full power, the primary coolant exits the core at 71 °C.
As shown in Figure 2 -1, the 122 cm tall ATR core consists of 40 curved plate fuel elements configured in a serpentine arrangement around a 3x3 array of nine primary testing locations (known as the neutron flux traps). A unique ATR control device permits power variations among the nine flux traps using a combination of control drums and neck shim rods. Within bounds, the power level in each corner lobe of the reactor can be controlled independently to allow for different power and flux levels in the ATR core during a single operating cycle. Using specialized test capsule liners, the ratio of fast to thermal flux can also be varied from 0.1 to 1.0. In addition to the nine neutron flux traps, there are 66 irradiation positions inside the reactor core reflector tank and 34 low-flux irradiation positions in two capsule irradiation tanks outside the core.
The Loop 2A Reactivation Project was initiated by Battelle Energy Alliance in 2005 to restore an ATR pressurized water loop capability that had been deactivated for more than a decade. Bolstering nuclear research capabilities at the INL was a prime motivator for restoration of the loop, which was completed in 2012 as part of the National Scientific User Facility (NSUF) program. As indicated in Figure 2 -2, Loop 2A includes pumps, heaters, a pressurizer, and all other related piping and equipment to allow full control of loop flows, temperatures, pressures, and water chemistries. The loop resides in the center flux trap of the ATR with remotely-located operating consoles to enable loop control and data collection. Selected outputs from the operating consoles are available for monitoring by off-site researchers.
In this effort, a test rig for real-time in-pile measurement of material creep behavior has been designed and developed specifically for Loop 2A deployment. The design is based on the use of an differentially-pressurized bellows to load a specimen with an LVDT to detect material creep. Complete details associated with the design are outlined in Section 3. 
LVDT Operation
LVDTs are simple, reliable, inexpensive devices that convert the mechanical movement of a specimen into an electrical output. A cross-section of a basic LVDT design is shown in Figure 2 -3. As indicated, a magnetically-permeable core is attached to a specimen. The core then moves inside a tube in response to any change in specimen length or position. Three coils are wrapped around the tube: a single primary coil and two secondary coils.
To operate the LVDT, an alternating (excitation) current is driven through the primary coil, causing a voltage to be induced in each secondary coil, which is proportional to its mutual inductance with the primary. As the specimen and the attached core moves, these mutual inductances change, causing voltages induced in the secondaries to change. The secondary coils are connected in reverse series, so that an output voltage can be conveniently derived from the difference between the two secondary voltages. Specifically, when the core is in its central position (equidistant between the two secondaries), equal but opposite voltages are induced in the secondary coils so the output voltage is zero. When the core is moved to its full scale mechanical position (in either the positive or negative direction), a corresponding output voltage (either positive or negative) is registered as the voltage induced in one of the secondary coils goes full scale while the voltage in the other secondary coil goes to zero. (See Figure 2 
Prior LVDT Evaluations
Although LVDTs are simple devices, it was necessary to identify instruments capable of reliably operating within the ATR environment. To this end, five major efforts have been completed: (1) a comparison of the high temperature behavior of candidate nuclear-grade LVDTs, (2) an assessment of Curie temperature effects in the selected LVDT, (3) a gamma heating analysis to determine allowable positions in the ATR core for the selected LVDT, (4) a high temperature evaluation of the selected LVDT with an alternate coil material, and (5) an autoclave evaluation of the selected LVDT to verify elongation measurement accuracy at high temperatures and pressures. Those efforts are documented in References [5] , [6] and [7] .
Test Rigs at International MTRs
References [8] , [9] and [10] 8 In most cases, test pressures external to the bellows are offset by internal bellows pressurization to produce the variable loads. As indicated, however, most of the setups are designed to test specimens in inert gas. A notable exception is specimen testing in reactor coolant conducted in BR2 which would be the most comparable to the Variable Load Creep Test Rig documented in this report. The creep test rig used in BR2 is illustrated in Figure 2 The Variable Load Creep Test Rig consists of two major components: the LVDT assembly and the LVDT fixture. The LVDT assembly includes the LVDT (manufactured by IFE/HRP) and the probe assembly (manufactured by INL). The LVDT body is made of Inconel 600 with silver alloy wire used in the construction of the coils. The probe assembly, as shown in Figure 3 -1, consists of an LVDT core inside a housing, a bellows, and connecting hardware. Most of the probe assembly was made from Inconel 600 with the exception of the core (Type 5 provided by IFE/HRP) and the bellows (Inconel 718 provided by Miniflex Corporation). The housing with connecting hardware provides the mechanism to connect movement of a specimen to movement of the LVDT core as the bellows contracts (or expands). To minimize costs, all components of the Variable Load Creep Test Rig were designed to be interchangeable with the initial creep test rig. All testing and calibration was conducted using the original hardware designed for the initial creep test rig. Characteristics of the bellows are given in Table 3 -1. The (complete) LVDT assembly is shown in Figure 3 -2.
CREEP TEST RIG
The LVDT fixture includes a frame and associated hardware to connect the LVDT assembly to a creep specimen. The fixture is designed to constrain the LVDT assembly and one end of the specimen so that bellows contraction will place the specimen in tension. With respect to Figure 3 The probe assembly (laser welding was used to attach the core to the upper adaptor, the bellows to the upper adaptor and end plug and the pressurization tube to the end plug). 
CHARACTERIZATION
The bellows spring rate and effective area were characterized so that the load applied to a specimen can be quantified. This section describes the characterization process.
Based on the configuration shown in Figure 4 -1, the specimen load ( ) is given by Once the spring rate and effective area have been characterized, the specimen load can be readily determined as a function of pressure and displacement measurements using Equation (4-1). Spring rate and effective area characterization required use of the fixture described in Section 4.1. Section.
Characterization Fixture
The characterization fixture consisted of the components shown in Figure 4 -2. The spring rate and the effective area were determined with this fixture, using an appropriate bolt adaptor. Both bolt adaptors have an internal thread on one end to mate with the load cell. However, the opposite ends of the bolt adaptors differ. Specifically, the bolt adaptor used to determine the spring rate has a cup large enough to allow the allen bolt to freely slide inside, while the adaptor used to determine the effective area has an internal thread to mate with the allen bolt. (Note that the probe assembly is threaded into the LVDT to complete the LVDT assembly shown in Figures 3-1 and 3-2 .) More detailed information regarding the use of the fixture to characterize the bellows is provided in subsequent sections. 
Bellows Spring Rate
The bellows spring rate was determined through a series of bench top measurements using the fixture configuration shown in Figure 4 -3. In this case, the probe assembly was constrained by one end of the frame so that the bellows could be collapsed by incrementally tightening the allen bolt into threads in the opposite end of the frame. Note that the adaptor mating with the allen bolt is not threaded (as previously explained) so the bolt simply pushed that adaptor toward the bellows with each rotation. As the allen bolt was tightened, an ever increasing force was registered by the (calibrated) load cell consistent with the bellows spring rate and displacement. Displacement of the bellows was periodically measured during incremental bolt tightening, using a depth micrometer. The depth micrometer was clamped in line with the spring rate fixture and the micrometer was simply advanced to touch the head of the hex bolt each time the bolt was tightened as indicated in Figure 4 -4.
The spring rate characterization process consisted of incrementally tightening the allen bolt, recording the load cell output, and measuring the associated displacement. That process was repeated until the total displacement of the bellows reached ~2.5 to ~3 mm. (Displacement of 2.5 to 3 mm was sufficient to exercise the bulk of the bellows allowable travel without pressing the travel limit of 3.7 mm.) Relative to Equation (4-1), was effectively zero and ( ) was registered through the load cell while was measured. That allowed direct calculation of the bellows spring rate ( ) based on the measured values. Results from this effort are summarized in Table 4 -1. (Note that all bench top measurements were completed at room temperature with the assumption that the spring rate is temperature independent.) Results from these test are provided in Table 4 -1. Shown in Figure 4 -5 are the data from Test SR1 and the best-fit linear approximation of the measured data. From Table 4 -1, the average bellows spring rate is 137 N/mm. This result compares well with the manufacturer's reported nominal spring rate of 138 N/mm for bellows that have not been age hardened.
Bellows Effective Area
The bellows effective area was determined through a series of measurements in an argon atmosphere in an autoclave using a configuration very similar to that shown in Figure 4 -3. In this case, however, the frame and the threaded bolt adaptor (see Figure 4 -2) were used to eliminate all movement of the bellows. As autoclave pressures were increased, the (constrained) bellows imparted an ever increasing force in the (calibrated) load cell. Internal pressure in the bellows was varied during testing to verify proper design performance.
The effective area characterization process consisted of incrementally increasing or decreasing internal and external pressures while recording pressures along with the associated load cell output. The expansion of the bellows could result in plastic deformation, thus the internal pressure was never allowed to exceed the external pressure. A load limit of 1050 N was observed during testing (the load cell has a limit of ~1100 N.) Relative to Equation (4-1), was held at zero while ( ) was registered through the load cell, and both external and internal pressures were measured. That allowed direct calculation of the bellows effective area ( ) based on the measured values. Results from this effort are summarized in Table 4 -2. (Note that all autoclave measurements were completed at room temperature because it is assumed that the effective area is temperature independent.) The bellows average effective area was found to be 78.3 mm 2 .
Relative to the manufacturer's reported area of 79.4 mm 2 , this measured discrepancy (of ~1%) is believed to be well within normal manufacturing tolerances. 
CALIBRATION
The LVDT bellows assembly must be calibrated over the range of temperatures that could be expected during deployment in the ATR Loop 2A. This required calibration provides the means to relate any measured LVDT output voltage to a corresponding displacement. Because internal pressure in the bellows assembly was not required, the internal pressure line was capped during calibration.
Calibration was completed at room temperature and at 150, 250, and 350 °C. This temperature range is expected to adequately cover operating conditions of interest during ATR deployment. Bench top and autoclave calibrations at room temperature were completed. Bench top measurements (at room temperature) provided a way to check results that were subsequently obtained through (room temperature) autoclave testing. That way, a degree of confidence was achieved relative to the validity of all autoclave testing, which was the only practical method to obtain higher temperature calibration results. Complete details associated with this calibration effort are discussed in the remainder of this section.
Setup
Because calibration was completed on the bench top as well as in an autoclave, bench top and autoclave setups were required as described below.
Bench Top
The bench top setup was essentially identical to the setup shown in Figure 4 -4. The addition of the LVDT to the end of the probe assembly was the only difference. With the LVDT in place, each advancement of the allen bolt (which was measured with the depth micrometer) was accompanied by a change in the LVDT output voltage. The bench top calibration process consisted of incrementally tightening the allen bolt, recording the LVDT output voltage, and measuring the associated displacement. That process was repeated until the total displacement approached ~2.5 mm (which is within the bellows travel limit of 3.7 mm).
Autoclave
Autoclave testing was considerably more complex than bench top testing because of difficulties in measuring displacement inside the autoclave. Those difficulties were addressed through the design and fabrication of a specialized fixture with positive mechanical stops to accurately define a displacement. Components in that fixture are shown in Figure 5 -1. The assembled fixture is shown in Figure 5 -2.
The calibration fixture is assembled by first threading the probe assembly into the LVDT. The travel adapter is then threaded onto the bottom of the probe assembly, and the extender is threaded onto the bottom of the travel adapter. Those assembled components are then lowered inside the frame to a point where the flange on the probe assembly rests on a shoulder internal to the frame. The frame shoulder is positioned so that the top of the travel limiting recess (in the travel adapter) is just slightly above the travel block slots in the frame. After the travel blocks are inserted in the travel block slots, the spring and spring plates are stacked on the bottom of the frame and secured with the retaining and lock nut (see Figure 5 -2).
At this point, the retaining nut can be tightened (and secured with a lock) just enough to (slightly) stretch the bellows and pull the top of the travel limiting recess (in the travel adapter) into contact with the travel blocks. That provides the initial position of the LVDT for all autoclave testing. As the pressure is increased during each test, the bellows contracts, which collapses the spiral spring and allows movement of the travel adapter. At some autoclave pressure, bellows contraction is sufficient for the bottom of the traveling limit recess to contact the travel blocks, which defines the final LVDT position for all autoclave test- ing. (Note that the travel limit is the difference between the travel limit recess of 7.34 mm and the travel block height of 5.08 mm for a total of 2.26 mm, which is within the bellows limit of 3.7 mm.) All autoclave calibration testing was conducted in a pressurized argon or nitrogen environment where autoclave heaters were used to achieve the desired temperature for each test. This was deemed to be the most practical way to complete the calibration as a function of temperature. Results from this effort are discussed below.
Results
Results from calibration tests at room temperature and at 150, 250, and 350 °C are summarized in Table 5 -1. As indicated in the table, room temperature tests were conducted on the bench top and in an autoclave. Results from Test 1 are shown in Figure 5 -3, which are typical of the room temperature bench top data. Figure 5-3. Bench top calibration results from Test 1 (at room temperature).
As indicated in Figure 5 -3, the LVDT output voltage and the associated displacement were collected as the bolt was incrementally tightened (yielding a total of 6 data points in this case). A linear curve fit of the testing was performed. The slope of the line reveals the sensitivity of the LVDT. In contrast, autoclave data was limited to obtaining just two data points; one in which the travel adapter was pulled downward (with the retaining nut) to contact the top of the travel blocks and one in which bellows compression (due to autoclave pressurization) pulled the travel adapter upward to contact the bottom of the travel blocks. The resulting sensitivity was evaluated using these two data points. Regardless of these differences in the method for data collection, the room temperature results were found to be consistent. This indicates that the specialized autoclave fixture can be used to accurately collect calibration data inside the autoclave.
Averaging all room temperature calibration data yields a value of 1672 mV/mm. It is worth noting that averaging appears to be justified because differences in the measured calibration values do not translate to any appreciable discrepancy. Specifically, the maximum discrepancy for the allowable bellows travel across all room temperature data is (at most) 0.015 mm.
In addition to room temperature calibration data, measurements were also completed at 150, 250, and 350 °C as indicated in Table 5 -1. Linear interpolation of this data provides a means to relate any measured LVDT output voltage to a corresponding displacement over the range of temperatures anticipated.
SUMMARY
Understanding the creep behavior of materials in a radiation environment is an essential aspect in evaluating safety issues associated with nuclear power plant operation, especially for nuclear power plants desiring to extend their operational lifetime. In US MTRs, this understanding has been achieved through a "cook and look" approach (where specimens are irradiated under load for some period of time and then removed from a materials test reactor for post-irradiation examination). To address the inability to obtain, real-time creep data during an irradiation, a creep test rig with an externally-pressurized bellows was developed and readied for deployment in ATR Loop 2A. As reported in this document, this original creep test rig was enhanced with the capability of internally pressurizing the bellows which enables variable strain rate testing, fatigue testing and a larger selection of test materials.
The Variable Load Creep Test Rig characterization and calibration activities have been completed to support ATR deployment. Specifically, the bellows was characterized, indicating a spring rate of 138 N/ mm and an effective area of 78.3 mm. LVDT sensitivity data were obtained that span the range from cold start up conditions to those conditions typical of an operating PWR loop. Hence, the Variable Load Creep Test Rig is also ready for deployment in ATR Loop 2A.
